ABSTRACT The purpose of this investigation was to study the expression of type X collagen in the hen's oviduct. Type X collagen is a short-chain collagen that is present in the fibers of eggshell membranes, and there is evidence to suggest that it contributes to structural integrity. In situ hybridization and Northern blot analysis were used to study the expression of this important ma-
INTRODUCTION
Avian eggshell membranes play a key role in the formation and structure of the eggshell. The major protein is a keratin-like protein containing a high level of disulfide cross-links (Calvery, 1933; Wolken, 1951; Baker and Balch, 1962; Britton and Hale, 1977) . In addition to the keratinlike protein, the membranes contain smaller amounts of types I and V collagens (Wong et al., 1984) . Of particular interest is the observation that eggshell membranes also contain type X collagen (Arias et al., 1991a) , a short-chain collagen thought to be found exclusively in hypertrophic cartilage (Schmid and Linsenmayer, 1985) .
Lysine-derived cross-links, similar to those found in collagen and elastin, are also present and are required for the structural integrity of the membrane (Baumgartner et al., 1978; Leach et al., 1981) . The formation of these cross-links depends on the activity of the copper-sensitive enzyme lysyl oxidase. This enzyme has been shown to be present in the isthmus of the oviduct (Harris et al., 1980) as well as the shell membranes (Akagawa et al., 1999) . Interference with cross-link formation increases the extractability of shell membrane collagen.
Since the discovery of its presence in eggshell membranes, type X collagen has been the subject of a number of investigations (Arias et al., 1991a (Arias et al., ,b, 1997 staining has demonstrated the presence of type X collagen in the core of the membrane fiber and in the tubular gland cells of the oviduct epithelium.
We were interested in studying collagen X gene expression in the hen oviduct in relation to the egg laying cycle. In situ hybridization was used to localize the site of gene expression, whereas Northern blot analysis was used to determine what influence the stage of the egg cycle had on gene expression. While our studies were in progress, Fernandez et al. (2001) reported on the results of an investigation using immunohistological techniques to localize type X collagen in the isthmus of the oviduct.
MATERIALS AND METHODS
W-98 Leghorn chickens were reared to maturity at Pennsylvania State University Poultry Education and Research Center. The hens were euthanized by cervical dislocation; the protocol was approved by an Institutional Animal Care and Use Committee (IACUC #99R024-0). Samples were collected from replicate birds when an egg was located in the magnum, isthmus, red isthmus, or shell gland. Four segments of each hen's oviduct were assayed: the magnum, isthmus, red isthmus, and shell gland. Two pieces of oviduct tissue were removed from each of these segments; one was used for in situ hybridization and the other for RNA extraction.
The chicken collagen type X cDNA (Ninomiya et al., 1986) used as a probe in in situ and Northern blot assays was kindly provided by Phoebe Leboy (University of Pennsylvania, School of Dental Medicine, Philadelphia, PA).
Abbreviation Key: DEPC = diethylpyrocarbonate. FIGURE 1. Collagen X and 18S localization in oviduct tissue. Samples of magnum, isthmus, red isthmus, and shell gland tissue were collected during various stages of the laying cycle. The tissues were examined by in situ hybridization to determine the location of collagen X and 18S. Representative images from each section of the oviduct are shown.
In Situ Hybridization
The in situ hybridization procedure described by Pines et al. (1998) was used to localize collagen X and 18S in each segment of the oviduct when the hens were in different stages of the laying cycle. Samples were fixed in 4% paraformaldehyde prepared in diethylpyrocarbonate (DEPC)-treated PBS for 3 h and then were rinsed in DEPCtreated PBS. Samples were later embedded in paraffin with standard procedures and 5-µm sections were mounted on glass slides. 4 PGC Scientific, Gaithersburg, MD.
Deparaffinized sections were treated with pronase (0.125 mg/mL in 50 mM Tris-HCl, 5 mM EDTA, pH 7.5) for 10 min and were rinsed with DEPC-treated water. Sections were then postfixed with 10% neutral-buffered formalin for 20 min and rinsed with DEPC-treated water. The sections were then blocked in 0.2% glycine for 5 min, dehydrated through graded ethanol solutions, and allowed to air dry. The sections were pre-hybridized at 42 C in incubation chambers 4 for at least 1 h and then 35 S-labeled cDNA was added to each chamber such that the final concentration was one million counts per section. Hybridization continued overnight at 42 C. The following day, sections were rinsed in decreasing concentrations of sodium chloride-sodium citrate buffer (SSC) (2×, 1×, 0.1×) FIGURE 2. Collagen X and 18S expression in oviduct tissue. Total RNA was isolated from samples of magnum, isthmus, red isthmus, and shell gland tissue during various stages of the laying cycle. Collagen X and 18S gene expression was determined using Northern blotting. A portion of blot containing RNA from each section of the oviduct is shown.
at 42 C for 30 min each and then were dehydrated through graded ethanol solutions and allowed to air dry. Kodak NTB-2 autoradiography emulsion 5 was heated to 42 C in the dark. Each slide was immersed in emulsion, dried on ice, and then stored in a light-excluding, desiccation box at 4 C. After 7 to 11 d of exposure, depending upon the count rate of the samples, the slides were immersed in D-19 developer 5 and a general-purpose fixative. Amersham Pharmacia Biotech, Piscataway, NJ.
Northern Blot Analysis
Standard Northern blotting protocols (Ausubel et al., 1989) were used to determine the levels of collagen X and 18 S gene expression in each segment of oviduct tissue when the hens were in different stages of the laying cycle.
Samples of oviduct tissue (0.4 to 0.5 g) were pulverized with a Polytron 6 in 5 mL of TRIzol reagent, 7 and total RNA was isolated according to the manufacturer's instructions. Ten micrograms of total RNA from each sample was electrophoresed through a 1% agarose gel, blotted onto a Zeta-Probe GT Genomic membrane, 8 and probed with 32 P-labeled cDNA. Results were analyzed using a Molecular Dynamics Storm 860 phosphorimager 9 and Image Quant software.
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RESULTS
In situ hybridization revealed that collagen X mRNA was only found in the isthmus segment of the oviduct, not in the magnum, red isthmus, or shell gland segments. Furthermore, collagen X was localized in the tubular gland cells and was not present in the epithelium, or smooth muscle (Figure 1 ). This finding was reinforced by Northern blot analysis, which also revealed that collagen X was expressed predominantly in the isthmus segment of the oviduct and at very low levels in the red isthmus and shell gland (Figure 2) . The location of collagen X and its level of gene expression were unchanged during the laying cycle.
DISCUSSION
The results of in situ hybridization show that expression of collagen X is confined to the tubular gland cells of the isthmus. These results confirm those of Fernandez et al. (2001) who employed immunohistochemical techniques. Of particular interest is the observation that the level of gene expression did not fluctuate with the position of the egg in the oviduct. The observation that the level of gene expression and peptide secretion are not closely related is similar to that reported for the expression of insulin growth factor-I (IGF-I) (Rosselot et al., 1995) . This result is in contrast to the expression of other genes in oviduct tissue. For example, studies on the expression of parathyroid hormone-related peptide revealed that the level of gene expression is substantially increased when the egg is present in the shell gland (Thiede et al., 1991) . Similar results were obtained by Lavelin et al. (1998) for the expression of osteopontin, a phosphoprotein found in eggshell matrix.
